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All of thc C2 proton signals of the coordinated histidinc residues in the 'H NMR spcctru,n of cytochrome c~ from D. rul~tariJt Miyazaki F were 
assigned by specific dcuteration, 'Tltey appeared at extremely high fields and ~'uttcrcd in a wide range from -4 to -22 ppm. This clearly shows 
that the chemical properties of the imidazol¢ groups are quite dilTercat from one another, The eXlrCmety high-field shift of the C2 :dgnal indicates 
that sonic of th¢111 )nus| carry the imidazolatc-like nature to ~nlc extent, This might b¢ responsible for the extrclncly low redox potentials of II~ 
foot henlcs, On ch;lllging telnpcraturc, most of them showed Curie-type ch;mgc, All of the C2. signals showed It small p:H dependence in the range 
of p"H 4,S.I 0,0, 
Cytochrome r): Tetrahcme protein" Coordinated histidy I, imidazo!c: Red~x patentiul: ~H NMR 
I, INTRODUCTION 
Cytochrome c~ is a unique class of heine protein 
which contains four heroes in a single polypcptid¢ [1], 
Crystal structures of cytochrom¢ c,~ fi'om Destdforihrio 
desu~tricans Norway and Destdfm'ihrio rtdgari.~" 
Miyazaki F (DvMF) have been reported [2.3]. All of the 
5th and 6th ligands of the four heroes arc histidyl imi- 
dazoles. One of the remarkable f atures of this protein 
is the extremely low redox potential of the four heroes 
in comparison with other c-type cytochromcs. The for- 
real potentials of each hem¢ (the microscopic redox 
potentials) of DrMF cytochrome c~ were estimated by 
the use of N MR [4]. The values of 32 microscopic redes 
potentials were in the range fi'om -265 to -370 mV vs. 
NHE (normal hydrogen electrode). The redox poten- 
tials were assigned to the specific heroes in the crystal 
structure [5]. The crystal structure, however, d;d not 
give a clue to the extremely low redoz potentials, We 
have carried out the assignment of the C2 (el) proton 
signals of )H NMR spectrum of DvMF cytochrome c~ 
in this work. which sugg¢sted the role of the imidazol¢ 
rings in realizing the low t'edo~ potentials. 
2, MATERIALS  AND METHODS 
D, rul~aris Miyazaki F was cultured in mediL,m C [I] and in a 
minimal medium [6] to obtain non.deuterated and dcuterated tyro- 
chrome c~, respectively. In the latter ease, the C2 (el } proton of the 
histidyl imidazol© of cytochrome ,,'~ was specilieully deuterated by 
replacing t..histidine of the minimal medium with deuterated I..histid. 
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ine. The C2 position of i..histidine was deuterated by incubating it in 
:H:O (99.7S~ Shown Denko) at p:H 8.2 and S0*C for 48 11. Cyto. 
chrome c~ was purified according to the reported procedure [6]. The 
purity was checked by the purity index (.4m(redYA_.~ox)) and SDS. 
PAGE. 400 MI4z ~H NMR s~ctra wer~ measured with a Bruker 
AM400 NMR spectrometer, Chcmi~fl shifts arc pre~cnted in parts 
per million (ppm) to the internal standard 2,2.dimcthyl.2.silapgntane. 
S.sulfonate (DSS). The p:H values reported in this paper are pH meter 
rcadml~ u)~arrccted for isotop~ effects. 
3. RESULTS 
"l'hcrc arc nine histidinc residues in the cytochrome c, 
(cyt c.0 from D. v#Igaris Miyazaki F (D~,MF). eight of 
which are ligands of the four hemes. 400 MHz )H NMR 
spectra of non-deuterated and deutcrated DvMF fcrri- 
cytochrome c~ are presented in Fig. i, In the spectrum 
of non-deuterated cytochrome c,~ (Fig, I A). eight ex- 
tremely broad sigmds were observed in the region 
higher than 0 ppm. which disappeared on the dcutcra- 
tion of the C2 position of the imidazole rings (Fig. I B). 
Thus. they can be assigned to the C2 protons of the 
histidyl imidazoles coordinated to the heine irons. This 
means that all of the coordinated histidines could be 
detected as separate signals. They were designated as 
Im)-hn. from the low to high field, A sharp peak at 
about 8,9 ppm also disappeared, This can be ascribed 
to the C2 proton of the non-coordinated histidine (His- 
67). which agrees with the earlier assignment [6]. 
The chemical shifts of the C2 signals of  the coordi- 
nated histidines arc plotted as a function o~" inverse 
absolute temperature in Fig. 2. Most of them followed 
Curie's law. In the case of Imt and Imp, however, the 
tendency was different. Sin~ the microscopic rcdox po- 
tentials of cytochrome c~ arc pH dependent [7]. and 
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Fig. I. 400 MHz 'H NMR s~:ctra of DvMF cytochromc c:, ;it p:H %0 and 30"C. (A} Non-deuterated, (I]) Specifically deutenttea:l at the C2 position 
of histidyl imidazol¢. ([n~rt A) Whole spcctrt,m of the non.dcuterated cytochrom¢ cs, 
deprotonation of the coordinate imidazole in the pH 
range 8-9 was proposed for cytochrome e'[8], the chem- 
ical shifts of C2 signals were examined as a function of 
p"H. as shown in Fig. 3. The change was small in the 
pH range from 4.8 to 10. However, the titration curves 
arc similar to each other for the pairs, lm.~ and ImT, and 
Ira4 and Ira,, and for Imp, Ira_, and Ira6, 
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Fig. 2. Temrcratur¢ de~ndenc¢ of the chemical shifts of the C2 
protons of the coordinated histidyl imldaz.oles at p"l-I 7,0. For the 
labels, s~ Fig. I. 
4. DISCUSSION 
All of the C2 protons of the coordinated imidaz.ole 
rings of DvMF cytochrome c~ were identified unequivo- 
c.nlly in this work. Their chemical shifts were unusually 
high. It was shown in model experiments that the chem- 
ical shift of the C2 proton of imidazole ring shifts 
upfield by 5-19 ppm on deprotonation fimidazolate for- 
mation) [9,10], In the case of bisS-methylimidazol¢ pro- 
toporphyrin IX and monoeyano-monoS-methylimi- 
dazol¢ protoporphyrin IX, it changed from -I0.44 to 
-18.20 ppm [9] and 2.3-16.3 ppm [I0] at 25*C. respec- 
tively. Furthermore. the analysis of the orientation of 
the magnetic susceptibility tensor in cyanomct- 
myogrobin showed that the tilt of the ligand is very 
sensitive to the chemical shift of the C2 and C4 protons 
of the imidazole group [11]. In tile crystal structure of 
DvMF cytochrome c~. the vectors N'-Fe of the axial 
ligands are almost normal to the heine plane, namely. 
seven of them are at the angle of 8.5--88* and one is at 
83* [3]. Therefore, although the orientation of the mag- 
netic susceptibility ensor may contribute to the unusual 
shifts to some extent, it cannot be the major factor for 
the scattered unusual shifts, A broad signal was found 
at -29.9, -20.6 and -9.0 ppm for the cyanoeomplexes 
of horseradish peroxidase, cytochrome c peroxidase [10] 
ane lignin perozidase 1"12], resl~:ctively, and was as- 
cribed to the C2 proton of the proximal h~stidin¢ on the 
basis of its extremely broad line width. The unfield shift 
of the signal was interpreted in terms of the imidazolate- 
like nature of the ligand, which was used to justify the 
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Fig. 3. Titration of the chemical shifts of the C2 protons of th~ coor- 
dinated histidyl imidazolc$ at 30"C. For the labels, s¢¢ Fig, 1. 
low redox potentials of these proteins [10,12]. An empir- 
ical relationship between the chemical shift and the 
redox potential was also proposed [12]. Since these pro- 
teins are in the high spin state under physiological con- 
ditions and cytochrom= c~ is in the low spin state, the 
proposed relationship cannot be directly applied to cy- 
tochrome c~. Nevertheless, it can be concluded from the 
chemical shifts of the C2 protons that the chemical 
properties of the imidazole rings coordinated tothe four 
heroes of cytochrom¢ c~ am quite different from one 
another, and some of them are expected to carry imi- 
dazolate-lik¢ nature. The former clearly shows the non- 
equivalent= of the four heroes in cy*.ochrome c~. The 
imidazolate-like nature of the ligands might be responsi- 
ble for the extremely low rcdox potentials of tyro- 
chrome c~ as a c- type cytochrome. Inspcttion of the 
crystal structure gave no clue so far for the interpreta- 
tion of th= abnormal chemical shifts of the ligands. 
The temperature dependence of the chemical shifts 
suggests that the chemical shift change of at least two 
ligands include structural contributions besides the 
magnetic one from the irons. This is another piex.¢ of 
evidienc~ for the non.equivalent natures of the coordi- 
nated imidazole rin~. The p~H dependence showed that 
there is n=ither deprotonation nor protonation of the 
coordinated imidazole groups in the region from pall 
4.S to 10.0. Therefore, any change in the redox potential 
in this pH range cannot be attributed to the coordinated 
imidazole groups. 
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